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Abstract
A new screening procedure is described that uses docking calculations to design enhanced agonist peptides that bind to major histocompatibility complex (MHC) class I receptors. The screening process proceeds via single mutations of one amino acid at the positions that directly interact with the MHC receptor. The energetic and structural effects of these mutations have been studied using fragments of the original ligand that vary in length. The results of these docking studies indicate that the mutant affinity ranking of long peptides can be practically reproduced with a screening approach performed using fragments of six residues. Fragments of four and five residues could mimic, in some cases, the structural arrangement of the side chains of the full-length peptide. We have compared the structural and energetic results of the docking calculations with experimental data using three unrelated ligand peptides that differ greatly in their affinity for the MHC complex. Analysis of the affinity of the fragments led to the identification of three important parameters in the construction of fragments that mimic the structural and energetic properties of the full-length ligand: the length of the fragment; its intermolecular energy; and the number and localization, internal or terminal, of the anchor residues. The results of this new peptide-design methodology have been applied to suggest new peptides derived from the MUC1-8 peptide that could be used as murine vaccines that trigger the immune response through the MHC class I protein H-2K b .
Keywords: docking calculations; MHC-peptide interactions; virtual screening; peptide vaccine design; MUC1; tumor immunotherapy; H-2K b ; MHC class I Major histocompatibility complex (MHC) molecules are highly polymorphic cell-surface proteins that present antigenic peptides for recognition by T-cell receptors (TCRs), thereby triggering an immune response. In particular, the class I molecules (MHC-I) present peptides derived mainly from endogenously expressed proteins that are degraded by cytosolic proteases. MHC-I molecules are heterodimers of a polymorphic 45-kDa a-chain and the noncovalently associated invariant 12-kDa b 2 -microglobulin. Class I ligands are usually peptides of 8-10 amino acids that bind a groove formed by two a-helices on top of an antiparallel b-sheet (Bjorkman et al. 1987) . The peptides are bound in an extended conformation through conserved networks of hydrogen bonds and with the C-and N-terminal charges compensated by complementary MHC residues (Fremont et al. 1992) . The hydrogen bonding and electrostatic interactions are relatively independent of the nature of the peptide side chains. In contrast, binding specificity is regulated by the interactions of the peptide side chains with the six pockets of the binding groove of the MHC molecule, designated A-F (Saper et al. 1991) . Once the MHC-peptide complex is formed, it is transported to the cell surface and presented for recognition by the CD8 + TCRs of the cytotoxic T lymphocytes (CTLs). This specific recognition is mainly regulated by the peptide side chains that are oriented away from the b-sheet.
Peptide antigens specifically recognized by CD8 + TCRs in the context of MHC-I molecules have been used in a large number of cancer vaccine trials (Jager et al. 2002; Pouniotis et al. 2004 ). According to their amino acid sequence, these peptide antigens can be differentiated as self or analog peptides. The sequences of self peptides are frequently obtained directly from fragments of proteins that are linked to a certain pathological cellular behavior. In the case of analog peptides, their sequence is generally derived from these self peptides by introducing single amino acid substitutions. Positive immune responses have been obtained in some cancer patients with vaccinations of self peptides derived from sequences of MAGE-3, NY-ESO-1, Melan-A/MART-1, tyrosinase, and gp100 antigens (Jager et al. 1996a (Jager et al. ,b, 2000 Marchand et al. 1999) . The latter three antigens are melanocyte lineage-specific proteins and are expressed in most melanoma cells. MAGE-3 and NY-ESO-1 are not expressed in nontransformed cells, with the exception of germ cells, and are frequently aberrantly expressed in tumor cells. Vaccinations with self peptides derived from overexpressed antigens, such as Her-2/neu, p53, or MUC1, have also produced positive immune responses (Disis and Cheever 1996; Disis et al. 1999; Vierboom et al. 1997) . However, in several cases, vaccinations with analog peptides have yielded improved immunogenicity results. For example, analog peptides of the tumor-associated antigens of NY-ESO-1 or gp100 (Rosenberg et al. 1998 ), modified at only one amino acid, induced enhanced stimulation of CTL. In addition, increased CTL activation caused by modifying HLA anchor residues has been demonstrated for other human melanoma-associated antigens (Kawakami et al. 1995 (Kawakami et al. , 2001 Valmori et al. 1998 Valmori et al. , 1999 Sliz et al. 2001) , as well as for the prostate-specific antigen (Terasawa et al. 2002) and the tumor-associated antigen MUC-1 (Tsang et al. 2004 ). These studies indicate that analog peptides obtained with single residue mutations in the MHC anchor residues of a relatively weakly immunogenic self-antigen can be used to activate specific T cells more efficiently than the native antigen (Apostolopoulos et al. 2002a ). This may be explained by the fact that most of the antigens that are overexpressed in tumor cells are also expressed by normal tissues. Thus, the CTL repertoire of high-affinity peptides is likely to be deleted, while that for low-affinity epitopes may be maintained. In these cases, it might be more appropriate to use analogs of low-affinity binding peptides for immunization. The application of this strategy to vaccine design implies the mutation of buried, non-TCR-contacting amino acid residues of low-affinity binding peptides at the normal anchor positions to enhance their effectiveness in tumor immunotherapy, since the stability of the peptide-MHC complex usually correlates with overall immunogenicity. Methods such as random phage display and high-throughput screening of synthetic combinatorial libraries can be both costly and time consuming, due to the large number and diverse nature of MHC alleles and candidate peptides. In contrast, in silico virtual design of agonist molecules based on the three-dimensional structures of target proteins can reduce time and cost. Peptide candidates for MHC binding have been studied in silico using techniques that can be broadly classified into two categories: sequence-based or structure-based approaches. Sequence-based approaches, such as sequence motifs (Falk et al. 1991) , matrix models (Gulukota et al. 1997; Godkin et al. 1998; Rammensee et al. 1999) , Artificial Neural Network (Milik et al. 1998; Buus et al. 2003) , Hidden Markov Model (Mamitsuka 1998; Brusic et al. 2002) , and Support Vector Machine (Zhao et al. 2003) , only consider the information held within the amino acid sequence to obtain an estimation of the binding affinity of new candidates; they do not take the structural data of the complex into account. Coverage of sequence-based techniques is limited to subsets of binding peptides that belong to the most extensive groups and cannot generate reliable data for peptides that are more poorly represented in the data set. On the other hand, structure-based approaches, such as Monte Carlo (Caflisch et al. 1992) , molecular dynamics simulations (Zacharias and Springer 2004) , dynamic programming (Sezerman et al. 1993; Gulukota 1996) , free-energy mapping (Sezerman et al. 1996) , and procedures based on the initial determination of the conformation of the terminal amino acids (Rosenfeld et al. 1995; Tong et al. 2004) , can reproduce the conformation of the MHC-binding amino acids quite well, with root mean square deviation (RMSD) values between 1 and 2 Å , although generally with poor estimation of the binding free energy. However, good correlations between calculated and experimental free energies have been obtained using different free-energy scoring functions (Rognan et al. 1999; Liu et al. 2004; Schafroth and Floudas 2004) for families of peptides that bind the same MHC receptor. With respect to the design methodology for new peptide ligands, it is worth noting the build-up approach applied to three members of the caspase family of cysteine proteases (Budin et al. 2001) . This procedure requires the knowledge of a seed from which it iteratively grows a polymeric ligand.
In this article, we present a novel computational screening procedure using the AutoDock3 program to design enhanced agonist peptides that bind to MHC-I receptors (Morris et al. 1998) . First, relative binding affinities of the unrelated peptides MUC1-8, VSV8, and dEV8 are compared with experimental values. Modifications in the intramolecular energy term of the free energy scoring function of AutoDock3 have been introduced to obtain improved structural and energetic results. Second, the screening process is applied to the low-affinity peptide MUC1-8 through single mutations of one amino acid at the positions that directly interact with the MHC receptor. Finally, we have determined the minimum number of amino acids of the ligand fragments required to yield results in the screening methodology that are similar to the fulllength ligand. The application of this methodology will allow the screening process to be applied to longer peptides with only a small increase in the computational cost.
We have applied this new peptide design methodology to the murine MHC class I protein H-2K b complexed with a derived MUC1 peptide. MUC1 is an important target for immunotherapeutic strategies because it is overexpressed on the cell surface of many human adenocarcinomas, such as breast and ovarian cancers (Brossart et al. 2001) . Novel peptides with a similar amino acid sequence to MUC1-8 but with increased affinity to H-2K b have been obtained using a screening procedure over the anchor positions.
Results and Discussion

Comparison of docking results with experimental data
The structural information on MUC1-8, VSV8, and dEV8 peptides complexed with murine H-2K b was obtained through the Protein Data Bank (PDB) codes 1G7Q (Apostolopoulos et al. 2002b ), 1KPU (Fremont et al. 1992) , and 1LEG (Luz et al. 2002) . They are highresolution crystal structures with resolutions between 1.50 and 1.75 Å (Table 1) . At 4 C, 23 C, and 37 C, the available values for the dissociation constants (Apostolopoulos et al. 2002b; Luz et al. 2002) indicate that the affinity order for these three ligands is dEV8 > VSV8 > MUC1-8, with no temperature-dependent variation. The MUC1-8 (SAPDTRPA) ligand has the lowest affinity value because it does not contain the amino acids that are usually associated with high-affinity binding to H-2K b (Falk et al. 1991; Rammensee et al. 1995) . These residues are either Phe/Tyr at amino acid position P5 or Leu at P8. Comparison of the stability order of the MUC1-8 peptide with its three related sequences, on the other hand, indicates different affinity orders according to the temperature. At 23 C and 37 C, the affinity order is MUC1-8-5F8L > MUC1-8-5F > MUC1-8-8L > MUC1-8. At 4 C, a slightly different distribution is observed: MUC1-8-5F8L » MUC1-8-8L > MUC1-8-5F » MUC1-8. The common pattern is that the peptide with the double substitution, MUC1-8-5F8L, always has a higher affinity than the MUC1-8 peptide.
We have performed docking calculations based on these six H-2K b -binding octapeptides using AutoDock3. The relative free energy differences obtained from the calculations (DDG DOCK ) are shown in Table 2 , together with the relative free energies derived from the experimental dissociation constants. As can be seen, the relative stabilization of MUC1-8, VSV8, and dEV8 obtained from the docking calculations is the same as that observed experimentally. Although the relative stabilization of VSV8 and dEV8 is slightly overestimated, the magnitude of the overestimation is similar to the experimental differences between temperatures. The experimental trend for the peptide with the double amino-acid substitution to be more stable than the unmutated MUC1-8 peptide is also reproduced by the docking calculations. The free energy results of docking calculations for peptides with single MUC1-8 amino acid modifications are sorted similarly to the experimental tendency observed at 4 C. From a structural perspective, the docked conformations of MUC1-8, VSV8, and dEV8 peptides are similar to those obtained from the crystal structures. RMSD values for these three peptides ranged between 0.8 and 1.3 Å ( Table 2) . To compare the structures of the MUC1-8-related peptides, the RMSD values corresponding to peptides with single and double amino acid substitutions of MUC1-8 were calculated using the structure of only the conserved amino acids of the MUC1-8 peptide. The obtained RMSD values ranged between 0.7 and 1.0 Å . These values indicate that the introduction of the anchor amino acids to the MUC1-8 peptide does not cause a conformational change in the remaining amino acids. Analysis of the energetic and structural results indicates that the docking calculations are able to distinguish between peptides of different affinity.
Regulation of the induced fit of the ligands
The coefficients of the scoring function used in AutoDock3 modulate the van der Waals, electrostatic, hydrogen bond, torsional, and desolvation energetic terms. These coefficients were derived using linear regression analysis with a large number of protein-inhibitor complexes for which both the structure and inhibition constants were known. In this adjustment, the same coefficients for intermolecular and intramolecular van der Waals interactions were assumed. It is worth noting that the intramolecular energy of the ligand is only considered in the calculation of the docking energy. The binding free energy is obtained from the intermolecular and the torsional energetic terms. Thus, variations in the intramolecular coefficient will directly affect the ability to explore different ligand conformations, but not the final energy of binding. Consequently, the determination of a different set of values for coefficients of the intermolecular and intramolecular van der Waals energy terms will be troublesome to obtain by regression analysis.
Previous docking calculations performed with the MUC1-8 peptide using the default values of the coefficients of AutoDock3 yielded docked structures with different orientation of the side chain of the Arg residue compared with the crystallographic structure. In the docked structures, the side chain of this residue adopts a strained turn. In this turn, the C a -C d and C g -C z distances are 3.3 Å and 3.4 Å , whereas in the crystallographic structure they are 3.8 Å and 3.7 Å , respectively. The contribution of the internal energy of this Arg residue is 0.8 kcal/mol in the strained turn conformation and À0.1 kcal/mol in the crystallographic structure. In spite of this destabilizing energy contribution (0.9 kcal/mol), the structure of the peptide with the strained turn conformation of the Arg residue is the best solution obtained with the docking calculations because of the greater stabilization of the intermolecular energy contribution (1.3 kcal/mol). To reproduce the crystallographic structure, we used a coefficient of 1.0 for the van der Waals C-C intramolecular interactions. Thus, these interactions were modeled with the unreduced AMBER parameters. With this value, the intramolecular energy difference between these two docked structures is increased to 4.7 kcal/mol, and the strained turn conformation is not obtained for any of the 10 docking solutions. The crystallographic structure is reproduced with an overall RMSD of 0.8 Å .
The side chain of the Arg residue of the MUC1-8 peptide obtained from the crystallographic structure extends away from the binding groove. However, the results of the docking calculations using the default parameters of AutoDock3 localize this residue inside a small cavity between the Gln114 and Glu152 residues, which does not correspond to any of the A to F pockets of the H-2K b MHC molecule. The corresponding residues (P6) of the VSV8 and dEV8 are Glu and Tyr, respectively. For these two amino acids, and for the full peptides, no significant differences are observed using the default values or the modified C-C intramolecular van der Waals coefficients. This correspondence could be explained by the lower flexibility of the Glu and Tyr side chains. In particular, the Glu side chain is smaller and the Tyr side chain is more rigid than that of Arg. Thus, in the docking calculations for peptides with long, flexible side chain residues that could be introduced in small protein cavities, a different set of intramolecular parameters that reduce the importance of the induced fitting of the ligand could be necessary.
Docking of peptide fragments
For each of the MUC1-8, VSV-8, and dEV8 octapeptides, all possible peptide fragments from one amino acid up to eight were constructed to perform calculations on docking to the H-2K b MHC molecule. In order to classify structures as ''well-docked,'' a 2.2 Å RMSD threshold was used. This value has proved to be a good compromise between geometric accuracy and the pro-vision of a sufficient number of allowed structures to span the whole receptor.
The fragments of the MUC1-8 peptide that dock with a heavy atom RMSD value <2.2 Å from the crystallographic coordinates are indicated in Table 3 . Only one of a total of eight single amino acid fragments is correctly docked. The other parts of the binding groove or the surface of the MHC molecule have higher affinity for the other single residues. In contrast, the obtained structure for Ala8 is very similar to its crystal structure. This result indicates that the binding groove of this amino acid is very specific for the hydrophobicity of the side chain and the electrostatic interactions of the terminal carboxyl group. On the other hand, all of the longer fragments are well docked when the first two residues of the MUC1-8 peptide are included. Thus, for short fragments of MUC1-8, the specificity of the ligand is governed mainly by these N-terminal residues.
Well-docked fragments (RMSD <2.2 Å ) of VSV8 and dEV8 peptides are shown in Tables 4 and 5 , respectively. For each peptide, only one single amino acid fragment is correctly docked. As in the case of the MUC1-8 peptide, these fragments correspond to the C-terminal hydrophobic residues. However, an increase in the number of fragments of different lengths that could be properly docked is now obtained for the high-affinity VSV8 and dEV8 peptides. For MUC1-8, VSV8, and dEV8, the total number of well-docked fragments is 11, 18, and 17, respectively. To obtain a probability of >50% that fragments of the same length will be well docked, fragments of six amino acids are needed for the low-affinity peptide MUC1-8. In contrast, for high-affinity peptides, the length of these fragments is reduced to four amino acids. Thus, the construction of the docked structure of a full-length peptide can be obtained with fragments of different sizes according to the affinity of the ligand peptide. Figure 1 shows the reconstruction of the MUC1-8 ligand with the superposition of two six-amino-acid fragments. In the case of the VSV8 ligand, a good reconstruction of the structure is obtained with the superposition of three fragments of only four amino acids (Fig. 2 ).
An analysis of the intermolecular energy of each amino acid was performed to identify the minimum length of the peptide fragment that could dock in the same way as the full ligand. The contribution of the intermolecular energy of each amino acid was obtained from the docked structures of the MUC1-8, VSV8, and dEV8 peptides (Table 6 ). As can be seen, the terminal amino acids, which include the carboxyl and amino terminal groups, have the greatest contribution. Part of this contribution, from À1 to À2 kcal/mol, comes from the electrostatic energy. The energetic importance of the terminal amino acids in the stability of the complex has been recognized in several experimental studies (Fahnestock et al. 1992; Bouvier and Wiley 1994; Molano et al. 1998 ). Molano et al. generated site-directed mutants affecting the peptide binding groove of H-2K b . They suggested that the relative energetic importance of the anchor residues may be smaller than the interaction of the terminal amino acids. As can be seen from the values shown in Table 6 , this behavior is common for high-and low-affinity ligands, although the interaction energy of each amino acid of the low-affinity MUC1-8 peptide is, in general, less favorable than that corresponding to the higher-affinity peptides. Combining the results of Table 6 with those of Tables 3, 4 , and 5, it can be inferred that when the average intermolecular energy per residue of a peptide fragment is less than À2.5 kcal/mol, the probability of obtaining a well-docked structure is 46% (3-mer), 80% (4-mer and 5-mer), and 100% (6-mer, 7-mer, and 8-mer peptides). This tendency is also consistent with a greater promiscuity of short peptides in their binding to different parts of the MHC surface.
Design of an enhanced agonist peptide
Novel peptides with similar amino acid sequence to MUC1-8 but with increased affinity to H-2K b were obtained with a screening procedure over the amino acids whose side-chain atoms only interact with the MHC receptor. The determination of these amino acids was performed by selecting the residues with C a -C b bonds pointing toward the b-sheet surface. These residues belong to the P2, P3, P5, and P8 positions of the MUC1-8 peptide. However, the P3 position was not included in the screening process because it corresponds to a Pro, which has a more rigid backbone conformation. The other positions were screened to obtain MUC1-8 analogs with increased affinity to the MHC molecule. The tested MUC1-8 analogs possess only one changed amino acid in order to enhance the probability that its interaction with the TCR will be maintained.
For the P2, P5, and P8 ligand positions, the screening amino acid X covered all the natural amino acids except Pro. As can be seen in Table 7 , all 57 peptides can dock with an RMSD value <2.2 Å . These RMSD values were calculated for the heavy atoms of the conserved amino acids of MUC1-8. Based on comparison of the relative free energy values of all tested peptides with that of MUC1-8, the best amino acids substitutions of MUC1-8 were obtained with Arg, Trp, and Arg for P2, P5, and P8 ligand positions, respectively. The SRPDTRPA peptide, with a free energy difference of À3.4 kcal/mol compared with MUC1-8, was obtained as the best analog peptide. The SRPDTRPA peptide is 1.0 kcal/mol more stable than the best peptides obtained in the screening of P5 (SAPDWRPA) and P8 (SAPDTRPR). A comparison of the docked structure of the SRPDTRPA peptide with the crystal MUC1-8 peptide is shown in Figure 3 . The positive charge of the Arg residue of P2 is compensated by the Glu24 residue of the MHC receptor. The importance of this amino acid at this position in the binding to H-2K b has also been reported in the literature on the basis of Ala substitution experiments in the SRDHSRTPM (YEA9) nonapeptide (Apostolopoulos et al. 2002a ). On the other hand, the screening procedure performed at the P5 position indicates that the Trp substitution in MUC1-8 will be more stabilizing than the stabilization generated by the normal anchor residues, Tyr and Phe. The C-terminal position of MUC1-8 will be optimized with the Arg residue, which establishes a coulombic interaction with the Asp77 residue of the binding groove.
Ligand fragment approach to the screening of peptides
To apply the screening methodology to longer peptide ligands, a similar screening methodology but using peptides of smaller size would be computationally advantageous. Also, in cases in which structural data for the reference peptide are lacking, the number of amino acids of the screening peptide will need to be reduced in order to use a fully flexible model in the docking calculations.
We have determined the optimum length of peptide fragments that can mimic the structural and energetic properties of full-length peptides by comparing the screening results of the octapeptide with those obtained with the 4-mer, 5-mer, and 6-mer peptides. From a structural point of view, the comparison of the docking results is carried out by analyzing the number of screened peptides that can dock with a conformation near to the crystal structure of the unmutated fragments. For this, we used a criterion of RMSD <2.2 Å for the heavy atoms of the conserved amino acids of MUC1-8. In addition, the reproducibility of the free energy ranking of the full-length octapeptides was analyzed by calculating the linear correlation coefficient (r) for each set of the screened fragments. Only the fragments that dock with RMSD values <2.2 Å are considered in the calculation of r. Good structural results with the 4-mer peptides were obtained in the screening performed at position P2, obtaining 16 out of 19 mutations with an RMSD <2.2 (Table 8) . However, the correlation of the free energy differences of these 16 fragments with the corresponding mutations of the reference octapeptide is very weak (0.52). It also can be seen that neither of the two best substitutions of the SXPD fragments (His and Lys) coincides with the best substitution predicted using the screening of the full octapeptide (Arg). The screening of 4-mer peptides at the P8 position yielded fewer structures docked with an RMSD <2.2 Å . The correlation coefficient for the free energy values of these structures is also low, indicating that the two best substitutions for this fragment (TRPX) do not coincide with the best substitution of the SAPDTRPX peptide. As can be seen in Table  3 , the small fragments of the central part of the MUC1-8 peptide do not dock with an RMSD <2.2 Å . Consequently, the screening of 4-mer peptides at the P5 position was not undertaken. Comparison of the correlation coefficients calculated for the 4-mer, 5-mer, and 6-mer peptides indicates that six amino acids is the best fragment size to rank the peptides according to their free energy. In addition, the reproducibility of the best substitutions of the octapeptides is only achieved in all three screened positions by using hexapeptide fragments. Screening position P2 is reproduced with the second-best solution, whereas P5 and P8 were reproduced with the best solution. It should be noted that 4-mer and 5-mer fragments could be a good option with which to obtain the structure when these fragments are part of the ends of the reference peptide, because they correspond to the fragments with the greatest intermolecular energy contribution (Table 6 ).
In Table 8 , the letter code of the residues whose side chains point to the b-sheet of the MHC binding groove is underlined (anchor positions). It can be seen that better results are obtained when these residues constitute the terminal residues of the fragments. For each screened position, most structures docked with RMSD <2.2 Å are obtained using the SXPDT, PDXRPA, and PDTRPX families of peptides. These fragments have three anchor positions. In almost all cases, the ends of the three fragments correspond to one anchor position, except for the Ser residue of SXPDT, which corresponds to the N terminus of the MUC1-8 ligand.
In summary, the ligand fragment approach to the screening of peptides that bind MHC molecules can be studied using hexapeptides, taking into account the first solutions. An important feature in the construction of the fragments in order to obtain the greatest number of fragments docked similarly to the fulllength peptide is that the side chains of the terminal amino acids of the fragments point to the b-sheet of the MHC molecule.
Conclusions
We have described a new screening procedure applied to the design of new peptide ligands with high affinity to MHC class I receptors. The application of this procedure to low-affinity peptides derived from proteins that are overexpressed in certain cancers and presented by a known MHC receptor is of particular interest due to the potential for use of the enhanced agonists in vaccine therapy. Initially, the selection of the residue positions of the ligand sequence that could improve the interaction of the peptide with the MHC receptor with- out affecting the interaction with the CTL CD8 + molecules have to be determined. In this selection, prolines are left unchanged due to their particular effect on the backbone structure. Then, each of the selected positions is screened independently by substitution of all natural amino acids except Pro followed by docking calculations that include flexibility for all side chains. Finally, the substitution that yields the greatest increase in affinity is selected.
As an example, binding of the MUC1-8 ligand to the H-2K b receptor was selected because of the highresolution crystal data available for several H-2K b complexes and the availability of affinity values of several related MUC1-8 ligand sequences. Comparison between calculations and experimental data allowed the identification of an exaggerated induced fit of the ligand that can be solved by increasing the intramolecular van der Waals interactions. With this modification, the relative stabilization of MUC1-8, VSV8, and dEV8 obtained by the docking calculations is the same as that observed experimentally, with RMSD values ranging from 0.8 to 1.3 Å . The energetic and structural results indicate a good capacity of the docking calculations to distinguish between peptides of different affinity.
The crystal structures of the full-length peptides have been reproduced with the superposition of fragments of variable length of MUC1-8, VSV8, and dEV8. The length of these fragments can be smaller for peptides with higher affinity values. We were able to estimate the minimum length of the fragments by calculating the intermolecular energy per residue.
Novel peptides with similar amino acid sequence to MUC1-8 but with increased affinity to H-2K b have been obtained with a screening procedure over the P2, P5, and P8 ligand positions. Among the entire ensemble of studied peptides, SRPDTRPA, with a free energy difference of À3.4 kcal/mol compared with MUC1-8, was found to provide the most stable complex structure.
The minimum number of amino acids required to construct fragments of the full-length ligand peptides for which the screening methodology can practically reproduce the mutant affinity ranking is six. Thus, to obtain a good estimation of the free energy differences, the application of the ligand fragment approach to the screening of peptides that bind MHC molecules should be performed with hexapeptide fragments. In addition, the best results are obtained when the side chains of the terminal amino acids point to the b-sheet of the MHC molecule.
The use of short ligands for systematic screening of certain positions will be computationally advantageous in cases in which the full ligand is very long, or when experimental structural data are not available for the reference peptide and/or the MHC receptor. In these cases, structures generated by homology modeling from similar MHC-ligand complexes could, perhaps, be used. However, in these situations, introducing a certain flexibility of the ligand backbone dihedral angles would be advisable. The screening procedure is performed with all the natural amino acids except proline. a Number of docked structures from the total with an RMSD value <2.2 Å from the heavy atoms of the conserved amino acids of The substitution X that yields the best free energy and its free energy difference with respect to the MUC1-8 peptide are indicated. Free energy is shown in kcal/mol. 
Materials and methods
Selection of template structures
High-resolution MHC-I structures complexed with peptide ligands were retrieved from the Protein Data Bank (PDB). The H-2K b allele was chosen as a model system because of the availability of affinity values for related and unrelated peptides alongside the availability of high-resolution complex structures of the unrelated peptides (resolution values <1.8 Å ). The PDB entries 1G7Q, 1KPU, and 1LEG, which contain the MHC H-2K b complexed with the peptide ligands MUC1-8, VSV8, and dEV8, respectively, were used as templates for the docking calculations.
Preparation of MHC and ligand structures
The structural models of the three MHC-peptide complexes were initially prepared with Xplor (Brunger 1992), using the heavy and light chain of the MHC and the peptide ligand molecules.
The phosphate ions and the N-acetyl-D-glucosamine, fucose, and 2-methyl-2,4-pentanediol molecules were removed, as they do not directly interact with the binding groove. The crystallographic waters were also removed. For the 1KPU PDB entry, the model A was selected, and in the structure of the MHC molecule of the 1LEG PDB entry, the S-hydroxycysteine residue was replaced with cysteine, as it is far away from the binding pocket. The hbuild function of Xplor was used to add hydrogen atoms to the ligand and MHC molecules. Then, the MHC-ligand structures were minimized with the positions of all heavy atoms restrained to the X-ray coordinates using a harmonic potential with a force constant of 2 kcal/(mol Å 2 ). Finally, nonpolar hydrogens of the final structures were removed to be consistent with the united-atom approximation of AutoDock3. The protonation state of the histidines was considered neutral. The polar hydrogen of the His imidazol ring was located on the d nitrogen, except when a hydrogen bond involving the e nitrogen as a donor could be formed. In those cases, the hydrogen was placed on the e nitrogen.
Docking calculations
Kollman united-atom partial charges were assigned to protein and ligand molecules, and atomic fragmental volumes of the protein atoms were assigned using the Addsol utility of AutoDock3. For the three MHC-ligand systems, a grid map of 70 3 70 3 70 points with a grid-point spacing of 0.375 Å was prepared using AutoDock Tools. Because the location of the ligands in the complex was known, the maps were centered on the ligand binding site. The grid maps were calculated using AutoGrid, version 3.0. Docking calculations were performed by defining flexibility in the side chains of the ligands with the backbone conformation of the peptides taken from the crystallographic structures. The Autotors utility was used to define the rotatable bonds in the ligand. Ten dockings were performed with the Lamarckian Genetic Algorithm using a population size of 50 individuals with a total of 10 7 energy evaluations. The crystallographic coordinates of the ligands were used as the reference structure to evaluate the predicted docked conformations.
Scoring function
AutoDock3 has a regression-based scoring function that consists of van der Waals, electrostatic, hydrogen bonding, and desolvation energy terms, and an entropic term that measures the loss of torsional degrees of freedom upon binding. This scoring function was parameterized on a set of 30 proteinligand complexes. In the docking calculations, the solutions are initially ranked according to the docking energy, DE DOCK , which includes the energy contribution of the intramolecular van der Waals interactions of the ligand. The DE DOCK is calculated as
After the final docked structures of the ligands are obtained, the relative free energy of binding, DG Binding , is calculated as The expression multiplied by the f vdW coefficient contains the Lennard-Jones dispersion/repulsion energy terms. In the docking energy, Equation 1, the intramolecular interactions of the ligand are also considered. This summation is extended to all pairs of atoms in the ligand that are separated by three or more bonds. The summation multiplied by the f hbond coefficient takes into account the directional 12-10 hydrogen bonding term. E(t) is a directional weight based on the angle, t, between the probe and the target atom, and E hbond is the estimated average energy of hydrogen bonding of water with a polar atom. This constant term, E hbond , models desolvation of polar atoms. The expression that multiplies the f elec coefficient considers the screened Coulombic electrostatic potential using a sigmoidal distance-dependent dielectric function, e(r ik ), to model solvent screening (Mehler and Solmajer 1991) . For all carbon atoms in the ligand, i C , their corresponding solvation parameters, S i c , are multiplied by the fragmental volumes, V k , of the surrounding protein atoms and weighted by an exponential function. In Equation 2, N tor is the number of rotatable bonds in the ligand that rotate heavy atoms. The parameters of the dispersion/repulsion energies have been taken from the AMBER force field.
The intramolecular interaction energy of the ligand is not included in the calculation of the binding free energy, since it is assumed that the free energy variation due to the conformational change of the ligand in passing from solution to the complexed form is small. However, intramolecular interaction energy must be taken into consideration in the docking energy to avoid unrealistic superpositions of ligand atoms. The magnitude of the intramolecular interactions regulates the degree of the induced fit made by the protein. The default values of the coefficients of the AutoDock3 program are identical for intermolecular and intramolecular van der Waals interactions (f vdW ). In this study, we modified the default value of f vdW that is applied to the interactions between carbon atoms of the ligand. The f vdW will be the default value, except when i and j indexes of the summation of the intramolecular interactions represent carbon atoms, assigning, in this case, f vdW = 1. Therefore, the interaction between carbon atoms will be now computed using the standard AMBER values.
Fragment approach
The structure of MUC1-8, VSV8, and dEV8 ligands is divided into all possible fragments, from one amino acid up to eight, yielding 36 fragments per ligand. The amino and carboxyl groups are only included in the fragments that contain one of the terminal amino acids. The distribution of charges for each fragment is taken from the corresponding full-length MUC1-8, VSV8, and dEV8 ligands.
Construction of new peptides for the screening procedure
Initially, the full MUC1-8 ligand was taken as a template. The side-chain atoms of one of the amino acids that directly interact with the b-sheet of the MHC (here P2, P5, or P8) were removed. The rest of the atoms were held fixed and new atoms corresponding to new amino acids were introduced and optimized with Xplor. Pro residues are not considered in either the selection or in the screening process. For structural analyses of docked conformations, the reference structure was taken from the ligand crystallographic coordinates without consideration of the screening amino acid.
